• GRFS is a new composite end point useful for comparing HCT techniques and represents ideal post-HCT recovery.
Introduction
Allogeneic hematopoietic cell transplantation (HCT) applied for the cure of hematologic malignancies is associated with 2 main risk factors for poor outcomes: (1) transplantation-related morbidity/mortality and (2) mortality from disease relapse (relapse-related mortality). Previous efforts to mitigate 1 cause of mortality have often compromised the other. For example, efforts to reduce graft-versus-host disease (GVHD) risk by T-cell depletion of the allograft can lower transplantationrelated morbidity/mortality, but can also increase relapse risk. 1, 2 Similarly, efforts at reducing relapse-related mortality with intensified chemotherapy or higher doses of radiation can lead to excess deaths from organ damage, infections, or GVHD. 3 Therefore, clinical interventions cannot be assessed fully by focusing on either transplantationrelated morbidity/mortality or relapse-related mortality, and neither reflects continuing but nonlethal morbidity.
Composite end points acknowledge that both survival and rates of other critical events are important when testing new therapies. 4 Recently, the Blood and Marrow Transplant Clinical Trials Network recognized the potential utility of a composite end point in trials of allogeneic HCT; the novel composite end point of GVHD-free, relapsefree survival (GRFS) after HCT, defined as grade 3-4 acute GVHD, chronic GVHD requiring systemic treatment, relapse, or death. Each of these GRFS components is clinically meaningful. GRFS therefore represents ideal recovery from HCT (at 1 year) and a measure of cure without ongoing morbidity. Using a cohort of 628 adult patients treated with tacrolimus (Tac) and methotrexate (MTX) as GVHD prophylaxis between 2006 and 2009, data from the Center for International Blood and Marrow Transplant Research determined that the 1-year probability of GRFS was 23% (95% confidence interval [CI] 20-26). 5 Thus, only approximately one-quarter of adult patients transplanted for malignant disease survived without at least 1 of these major complications during the first 12 months after HCT. To better understand which factors influence GRFS for both pediatric and adult patients, we studied the individual events that compose GRFS and determined the overall GRFS in a large cohort of patients treated with uniform supportive care at our institution. In doing so, we sought to identify modifiable characteristics that could help optimize patients' outcomes.
Methods

Study design
The objective of this retrospective, single-institution study was to assess the clinical benefit of allogeneic HCT using a novel composite end point of 1-year GRFS and to determine any clinical factors predictive of 1-year GRFS. GRFS events were defined as grade 3-4 acute GVHD, chronic GVHD requiring systemic immunosuppressive treatment, disease relapse, or death from any cause during the first 12 months after allogeneic HCT. The study sample included 907
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consecutive pediatric and adult allogeneic HCT recipients from the University of Minnesota who underwent HCT for malignant disease between 2000 and 2012. Only first allogeneic HCT procedures were included in this analysis . Eligible  patients included recipients of grafts from either an 8/8 allele HLA-matched  sibling (with matching considered at HLA-A, HLA-B, HLA-C, HLA-DRB1),  8/8 HLA-matched unrelated donor (URD), single umbilical cord blood (UCB),  or double UCB donors (with matching considered at HLA-A, HLA-B, and HLA-DRB1 for UCB grafts). Patients were excluded if they were recipients of grafts from HLA-mismatched siblings or HLA-mismatched URD because of their relative infrequency in our population and their known higher rates of GVHD. Haploidentical donor HCTs (n 5 10) were also excluded because of their infrequency. Patients were also excluded if they received both peripheral blood stem cell (PBSC) plus marrow grafts to allow for donor source analyses (n 5 9) or were treated with cyclosporine (Csa) and prednisone for GVHD prophylaxis (n 5 44) because this GVHD prophylaxis regimen was used only briefly at our institution. Standard risk includes acute leukemias in first or second complete remission, chronic myeloid leukemia in first chronic phase, Hodgkin lymphoma or nonHodgkin lymphoma in complete or partial chemotherapy-sensitive remission, and chronic lymphocytic leukemia in first remission. All other diseases were defined as high risk. Disease-free survival (DFS) was defined as the time from transplantation to relapse of the underlying malignancy for which the transplant was performed; overall survival (OS) was defined as the time from transplantation to death. All patients or their parents/guardians signed written informed consent allowing the use of their medical data in clinical research. All HCT and data collection protocols were reviewed and approved by the University of Minnesota Institutional Review Board.
Patient and treatment characteristics
Statistical analysis
Statistical comparisons across categorical factors, not including time-to-event data, were completed with the x-square test. Continuous factors were compared by the Kruskal-Wallis test for nonparametric data. Kaplan-Meier estimates were used to determine the unadjusted probability of GRFS through 1-year posttransplant, 7 with differences between the curves determined using log-rank tests. Cox regression was used to examine the independent effect of clinical factors on GRFS. 8 Martingale residuals were used to test against nonproportionality. 9 Double UCB grafts suggested a slight violation of the proportional hazards assumption, but because the curves did not cross, this factor was included in the final model owing to its importance. Final models, which were simultaneously checked stratifying by donor type, yielded similar results. The adjusted overall GFRS curves for various parameters were computed as average estimates of the pooled sample, weighted by the proportions of the significant variables in the regression models. 10, 11 The effect of confounding by year of transplant was further evaluated by the use of a frailty model, treating year of transplant as a random effect rather than a fixed effect that needed estimating. 12, 13 All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC).
Results
Patient characteristics
A total of 907 HCT recipients were included in this study (Table 1) . Of these, 558 received HCT from 2000 to 2007 and 349 received HCT during 2008-2012. The latter cohort had significantly more patients .40 years of age (52% vs 61%, P 5 .02). Accordingly, the use of RIC and GVHD prophylaxis with a calcineurin inhibitor plus mycophenolate mofetil was also more frequent in the latter cohort (both P , .001). Eight patients in this cohort received T-cell depletion as GVHD prophylaxis, and 13 patients received sirolimusbased GVHD prophylaxis. Otherwise, the vast majority of the patients received a standard calcineurin inhibitor-based GVHD prophylaxis regimen. More double UCB grafts were included in the later cohort as well (47% vs 38%, P 5 .009). Otherwise, demographic factors were similar in the 2 cohorts. Adults composed the majority of patients in each group stratified by donor type (86%), except single UCB recipients, in which the majority were ,21 years old (62%). 
Impact of clinical factors on GRFS
For the entire cohort, the unadjusted Kaplan-Meier estimate of 1-year GRFS was 31% (95% CI 28-34). This compared with a 1-year DFS of 53% (95% CI 50-77) and OS of 63% (95% CI 60-66) in the cohort (Figure 1) .
In comparing the GRFS events (defined as the first event) between donor types, relapse accounted for a greater proportion of the GRFS events in the pediatric group, whereas death without relapse or GVHD accounted for more of the GRFS events in adults (P , .01, Figure 2A ). Relapse also accounted for a greater proportion of GRFS events in the RIC group (P , .01, Figure 2B ). In comparing GRFS events between donor types ( Figure 2C ), MSD marrow was notable for no GRFSdefining acute GVHD events, whereas chronic GVHD accounted for the largest proportion of GRFS events in recipients of PBSC from MSD. The largest proportion of GRFS-defining events was attributed to acute GVHD in recipients of grafts from URD. Finally, death without relapse or GVHD was higher in recipients of UCB than other graft types
Causes of death
Disease relapse accounted for 75% of the deaths within the MSD marrow cohort ( Figure 2D ). Causes of death including graft failure (7%) and hemorrhage (5%) within the UCB group was absent in the other donor types except for a single fatal hemorrhage event within the MSD PBSC group. There were no deaths from acute GVHD in the MSD marrow group, although acute GVHD accounted for 7% of deaths within the UCB group, 17% of deaths within MSD PBSC group, and 36% of deaths within the URD group. Deaths from infections did not significantly differ between donor types.
In regression analyses, conditioning, stem cell source, disease risk, and year of transplant significantly impacted GRFS, and thus KaplanMeier estimates of clinical factors on GRFS were adjusted for these variables (Table 2 for pediatrics; Table 3 for adults). Conditioning intensity did not impact GRFS after adjustment for other clinical variables for adult recipients; GRFS was significantly worse with reduced intensity conditioning for pediatric patients, although there were only 11 such patients. Adult patients with high-risk disease had significantly lower GRFS than patients with standard-risk disease (Figure 3) . Notably, GRFS events in the high-risk disease cohort were For personal use only. on June 7, 2017. by guest www.bloodjournal.org From not disproportionately from disease relapse; events were evenly divided among acute GVHD, chronic GVHD, relapse, and death (supplemental Table 1 , available on the Blood Web site). In comparing donor types, MSD marrow grafts resulted in the best GRFS; GRFS after UCB HCT and matched URD were similar to each other, but worse than MSD marrow (Figure 4) . When analyzing the impact of graft source on GRFS stratified by age group, marrow from MSD demonstrated the highest 1-year GRFS compared with other graft sources in both pediatric (67%, 95% CI 51-79) and adult (40%, 95% CI 12-67) cohorts, although differences between other graft types did not meet statistical significance (P 5 .06 for pediatrics and P 5 .57 for adults) when analyzed separately. GRFS was improved in the 2008-2012 cohort as compared with 2000-2007, although this was statistically significant for adults only. 
Multiple regression analyses
In multiple regression analysis ( Table 4 ), factors that independently influenced GRFS were donor type, age, disease risk, and year of transplant. Pediatric recipients of marrow from MSD resulted in the most favorable outcomes and served as the reference group. Neither marrow from MSD in adult recipients (n 5 10) nor PBSC from MSD for pediatric recipients (n 5 9) differed significantly within the limitations of sample size. PBSC from MSD in adult HCT resulted in a nearly 4-fold worsening of GRFS (relative risk [RR] 3.6, 95% CI 2.1-6.4, P , .01) compared with pediatric recipients of MSD marrow. GRFS after URD HCT was significantly worse in adult recipients (RR 3.6, 95% CI 1.9-6.7). GRFS after UCB HCT was inferior to MSD marrow for both pediatric (RR 1.8, 95% CI 1.0-3.3) and adult (RR 3.6, 95% CI 2.0-6.3) recipients. Patients with high-risk malignancies had 30% worse GRFS compared with those with standard-risk disease (RR 1.3, 95% CI 1.0-1.5, P , .01). Year of HCT had a significant effect on GRFS, with a 20% improvement in 2008-2012 (RR 0.8, 95% CI 0.6-0.9). In a frailty model, we confirmed that donor type, age, and disease risk remained independent predictors of GRFS at 1 year, treating year of transplant as a random effect rather than fixed. Comorbidity as determined by the hematopoietic cell transplantation comorbidity index did not show an independent association with GRFS. In contrast to GRFS, in multivariate analysis, donor type did not impact DFS or OS.
Variables that were independently associated with DFS were disease risk, with a 30% increase in relapse or death for high-risk disease (RR of relapse or death 1.3, 95% CI 1.0-1.6, P 5 .02) and earlier year of HCT (RR 0.7, 95% CI 0.5-0. 
Discussion
We analyzed a novel composite end point, GRFS, which reflects the major complications of HCT. Using this new end point, only 31% of patients survived to 1 year without experiencing a GRFS-defining event. It is sobering to realize that although the majority of allogeneic HCT recipients survive 1 year (63% in this cohort), fewer than one-third of patients do so without a major complication. However, it is important to note that composite end points using a time-to-event analysis only measure the time to the first event and thus may not replace detailed analysis of the individual events that compose the end point. We used the Blood and Marrow Transplant Clinical Trials Network definition of GRFS. Although a composite end point is novel for a GVHD prophylaxis trial, the components that compose GRFS are all relevant to a successful HCT, particularly chronic GVHD requiring systemic therapy as an end point. Although difficult to fully characterize, chronic GVHD that results in impairment of performance status would also have merit as a component of a clinically meaningful composite end point. Few factors that impact GRFS in our cohort were modifiable. Recipient age and disease risk depend on biologic factors, but also on the timing of referral. Advanced disease was associated with inferior GRFS. Donor type is primarily determined by the availability of a suitable HLA-matched sibling donor.
14 In our center, GVHD prophylaxis regimens are linked to donor source and intensity of the conditioning regimen; thus, we could not assess an independent effect of GVHD prophylaxis regimen within this cohort.
In our study, pediatric recipients of marrow grafts from MSD demonstrated the best GRFS. Notably, PBSC, the most frequent stem cell source in adult HCT today, 14 was associated with inferior GRFS. Increased chronic GVHD was observed in those receiving PBSC, consistent with prior studies. [15] [16] [17] Although the frequent use of PBSC is unlikely to change in the foreseeable future, our results highlight the importance of reducing toxicities of HCT, especially acute and chronic GVHD, which disproportionately affected adult patients receiving PBSC grafts in our series. This challenge is already appreciated at transplant centers worldwide. Strategies such as T-cell depletion have been employed with the goal of reducing GVHD risk in such patients, but these strategies have tradeoffs, including increased infection and relapse risk, and thus significant improvements in survival have not yet been observed. 2, 18 A continuing Blood and Marrow Transplant Clinical Trials Network study (protocol 1203; https://web.emmes.com/study/ bmt2/) is determining the impact of novel GVHD prophylaxis regimens on GRFS. 5 Our study suggests that donor characteristics will have to be considered when analyzing the results of the Clinical Trials Network trial, although PBSC is the sole graft source allowed on the trial. Compared with PBSC, rates of chronic GVHD were lowest with recipients of UCB grafts, as previously described. 19 In contrast, increased rates of death without GVHD or relapse have been described with UCB grafts, which is likely related to delayed engraftment compared with other graft sources. 20, 21 Because GRFS events vary by donor type, a study of personalized, risk-based GVHD prophylaxis, based upon donor, disease status, and other clinical factors, may optimize outcomes when all the GRFS components are considered. Importantly, this analysis does For personal use only. on June 7, 2017 . by guest www.bloodjournal.org From not suggest preferential use of UCB over URD for adults or pediatric patients, nor does it suggest preferential use of marrow over PBSC for MSD or URD HCT in adult recipients. Analysis of separate patient cohorts with increased representation of the different donor types and graft sources will be required for this purpose.
GRFS represents ideal recovery following HCT, without continuing morbidity, and differs significantly based upon patient age, disease risk, and donor type. It yields more information regarding complications of HCT than the simpler measurement of OS or DFS. Its use will better compare these clinically important outcomes that accompany disparate HCT techniques. HCT-CI, hematopoietic cell transplant comorbidity index.
